Transport of fluids and particles at the microscale is an important theme both in fundamental and applied science. One of the most successful approaches is to use an electric field, which requires the system to carry or induce electric charges. We describe a versatile approach to generate electrokinetic flows by using a liquid crystal (LC) with surface-patterned molecular orientation as an electrolyte. The surface patterning is produced by photo-alignment.
Introduction
Electrically driven flows of fluids with respect to solid surfaces (electro-osmosis) and transport of particles in fluids (electrophoresis), collectively called electrokinetics, is a technologically important area of modern science [1, 2] . A necessary condition of electrokinetics is separation of electric charges in space. Once separated, these charges are carried by the applied electric field, thus producing electro-osmosis or electrophoresis. The charges might be separated at the solid-fluid interface through dissociation of molecular groups and the formation of electric double layers [3] . The charges can also be separated by the applied electric field, if the solid component is highly polarizable [1, 2, 4] . Whenever an isotropic fluid is used as an electrolyte, it is the solid component that mediates separation of charges; the fluid is simply supplying counter-ions to complete the double layer build-up.
In this work, we describe a versatile approach to generate electrokinetic effects by using a liquid crystal (LC) with surface-patterned molecular orientation as an electrolyte. The patterned molecular orientation (described by the spatial variations of the so-called director n ,   const  nr ) is achieved by photo-alignment of the substrates bounding the LC cell. The substrate-imposed pattern imposes director distortions in the entire LC bulk, because of the elastic nature of the LC orientational order. In the presence of a uniform alternating current (AC) electric field, the spatially varying molecular orientation produces space charge that triggers streaming flows of the LC. We demonstrate that the ensuing electrokinetics can transport solid, fluid, and even gaseous inclusions along a predesigned trajectory. The patterned LC electrolyte represents an active matter in which the energy input that drives the system out of equilibrium is 3 localized at the gradients of the orientation order of the medium rather than at the particles embedded in the medium. Since the source of activity is rooted in the properties of the medium, the principle lifts many limitations imposed by isotropic electrolytes on the properties of electrokinetically active interfaces and particles in them (such as the magnitude of surface charge, polarizability, shape asymmetry, etc.).
The principle of the substrate-controlled liquid crystal-enabled electrokinetics (LCEK) can be explained in a greater detail as follows. LCs are anisotropic electrolytes: electric conductivity ||  measured along the average molecular orientation n is usually higher than the conductivity   measured along the direction perpendicular to it. This anisotropy gives rise to the well-known Carr-Helfrich effect of destabilization of a uniformly aligned LC cell, ˆ( ) const  nr [5, 6] . In the electrokinetics approach proposed in our work, the starting point is a LC with a pre-distorted director pattern, ˆ( ) const  nr , imposed by the LC cell's substrates. The applied electric field E drags the charges of opposite signs along the curved director lines, accumulating them in different regions of the LC bulk. The gradients of the director thus allow the field to create a non-vanishing volume density of charges ()  r ; the latter depends not only on the conductivity but also on dielectric permittivity of the LC and its anisotropy. The electric field acts on the space charge ()  r , creating flows of the LC. These flows can carry any particle dispersed in the LC, since the separation of charges occurs in the bulk of the LC medium rather than at (or near) the particle's surface, as in the case of electric double layers around particles in isotropic electrolytes [1, 2, 4] and charges separated by director distortions near the colloidal particles placed in an otherwise uniform LC [7] [8] [9] [10] [11] [12] .
An important part of the substrate-controlled LCEK is that the bulk director distortions needed to separate the charges are achieved through patterned photo-alignment. Since the molecular orientation should change from point to point in a pre-described manner, traditional methods of surface alignment such as buffing or more recently proposed rubbing of the substrates with the tip of a cantilever in the atomic force microscopy set up, are not practical.
We use a modified version of photo-alignment [13] [14] [15] [16] , in which the cell substrates are irradiated through plasmonic masks with nanoslits. When such a mask is illuminated with non-polarized light, the slits transmit a polarized optical field that is projected onto a photo-aligning layer. The latter then imposes the desired director field at the substrate and in the adjacent LC. the solution is spin-coated onto two cleaned glass plates. One of them is a bare glass plate and the other one has two patterned indium thin oxide (ITO) electrodes separated by a gap L  10 mm. The glass plates are baked at 95 o C for 30 min. The two glass plates are assembled in a parallel fashion with a gap 50μm between them, set by spherical silica spacers, Fig.1 . The fabricated chambers are placed in the optical exposure system and exposed for 30 min. The cell is then filled with the liquid crystal (LC) by capillary action. The exposed BY layer aligns the LC director in the direction parallel to the long side of the slits in the mask. Since the plates are exposed simultaneously, the photoinduced pattern of the director is the same on both surfaces. This substrate is covered by another glass substrate with patterned ITO electrodes and also coated with the same photoalignment material. This microfluidic chamber is photo-aligned as described above.
Materials and experimental techniques

Optical
Micro-mixing efficiency.
To characterize the micro-mixing efficiency, we used an approach based on the so-called standard deviation in the intensity of optical microscopy images of the mixing chamber [21] . The comparison is made for two different modes of mixing, 
Numerical simulations of the electro-osmotic flows.
A transport model has been developed to simulate electro-osmotic flows for different photo- however, the direction of the velocities remains constant. The latter fact reflects the proposed mechanism, according to which the driving force of electro-osmosis represents the product of the 11 field induced charge and the field itself, i.e., the force is proportional to the square of the electric field. Fig. 7c shows the calculated flow for the director pattern presented in Fig. 7a , at the point in which the potential difference across the cell is largest. Four vortices appear around the three disclinations, which are in turn surrounded by eight larger vortices spanning the entire domain of computation (not shown in Fig. 7c ). The pattern symmetry and the order of magnitude of the circulated velocity is quite close to that measured experimentally, with a maximum at about 7 μm/s . 
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The in Fig.3 a,b and c, respectively.
In the absence of electric field, the ions are distributed homogeneously in the sample.
When the field is applied along the x -axis, Fig. 3h , and 2.5 μm/s in Fig. 3i . Note that in the latter case of Fig. 3c , the flows are less regular than in Fig. 3a and b .
It is important to stress here the principal difference between the classic electroconvection phenomena described by the Carr-Helfrich model [5, 6] and the electrokinetics described in our work. In the Carr-Helfrich effect [5, 6] , the LC is aligned uniformly; the director distortions appear as a result of charge separation at director fluctuations; they usually adapt a form of "anomalous" reorientation , linear rolls, two-dimensional array of vortices, determined by the balance of electrohydrodynamic and elastic forces. In our approach, the principal director distortions are predesigned by surface alignment even before the electric field is applied. The concrete shape of these distortions determines the patterns of charge separation and controls the electrokinetic flows when the field is applied. is less than 1%. We conclude that the patterns in Fig.3a ,b produce no pumping of the LC along the horizontal axis, as expected from the left-right symmetry of these patterns.
In contrast, the asymmetric pattern shown in Fig.3c , produces a net pumping of the LC to the right hand side, as the overall velocity of flow to the right is higher than that to the left, Fig.   3i , and does not average to zero when integrated over the y -coordinate. The volumetric flow Once the electric field is applied, the distorted director, Fig. 5a , creates a local charge density around the disclination pair that is shown in Fig. 5b . The map of positive and negative charges in Fig. 5b is derived from Eq. Triplets of defects are produced in a similar way with corresponding patterns of slits, Fig.6 . Each triplet is comprised of two half-integer singular disclination at the periphery and a single integer-strength disclination in the center, Fig.6a ,e. The integer-strength defects are unstable against splitting into pairs of half-integer disclinations, since the elastic energy of the director field around a disclination of strength m scales as 2 m [26] . As a result, the cores of the central defects are seen as split into two closely separated individual cores with two extinction bands; each of these individual cores represent a half-integer disclination, Fig.6c and g. The two cores are kept close to each other by the anchoring forces created by the photopatterned substrates. Because of the finite splitting of the central defect, each triplet configuration is in fact a set of four half-integer disclinations.
In terms of the produced electro-osmotic flows, the main feature of triplets is that they produce four vortices, Fig.6d ,h. These patterns are analyzed in a greater detail in Fig.7 . To verify the proposed mechanism of patterned LCEK, we performed numerical simulations of the flows for the three-defects set shown in Fig. 7a . The simulated velocity map, Fig. 7c , is in a good agreement with the experiment, Fig. 7b . Typical values of m, n, p, and q in the photomasks were 4-5.
The two-dimensional array of vortices of LCEK flows with clockwise and anticlockwise rotation can be easily achieved by this two-dimensional lattice, Fig. 8 . Importantly, the polarity of each and every vortex can be reversed by a simple reorientation of the electric field, from Fig. 8c and d, to Fig. 8e and f. Another degree of freedom is provided by the reversible character of photoalignment in LCs that can be repeatedly written and rewritten [11, 12, 27, 28] . As demonstrated by Hernà ndez-Navarro et al [11, 12] , by using photoinduced trans-cis isomerization that triggers homeotropic-planar realignment at the bounding substrates, one can steer the clusters of LCEK-active colloids with the pear-like shapes. The asymmetric shape creates asymmetric distortions around the particle and enables the propulsion;
the role of photo-induced re-alignment is to steer the overall direction of motion. It would be of interest to expand this approach to the substrate-controlled LCEK, by creating and then realigning the director distortions at the substrate that trigger the LCEK flows and transport. Material Movie S3 [22] ), and droplets of other fluids such as water ( Fig. 9e and f and Supplementary Material Movie S4 [22] ). The LCEK directed by surface patterning does not impose any limitations on the properties of the "cargo", such as separation of surface charges, polarizability or ability to distort the LC. The latter feature is especially important as compared to the effects of colloidal transport in an otherwise uniform LC cell caused by asymmetric director distortions at the surface of the particle [7] [8] [9] [10] [11] . In particular, the polystyrene sphere, Fig.   9a and b, and water droplet, Fig. 9e and f, show tangential anchoring of the director at their surfaces. Because the director distortions in this case are of quadrupolar symmetry, these particles with tangential anchoring do not move in a uniformly aligned LC cell [9] . In the patterned LCEK, however, these particles do move as the electric field energy is rectified at the gradients created in the LC medium by the substrates and there is no need for the transported particle to exhibit any particular surface anchoring properties.
The trajectory of the cargo transport by LCEK is determined by the pattern of molecular orientation. For example, in the conveyor's configurations, the solid sphere, Fig. 9a ,b, and air bubble, Fig. 9c,d , move along straight segments. A very different scenario is shown in Fig. 9e ,f: the water droplet moves within a vortex along the velocity streams illustrated in Fig.5c and is trapped at the core of the +1/2 disclination, joining another water droplets already trapped there;
the effect can be used to create micro-scale chemical reactors, described by Sagué s et al [10] . Fig. 5a ; the trajectory is shown by a curved arrow; the droplet is transported towards the core of the ½ disclination on the right hand side and coalesces with another water droplet that is already trapped there. Fig. 10b . The cell with these distortions is placed in a microfluidic channel, right after an Yjunction at which two fluids are combined into one channel [29] . =1 and then decreases towards 0 as the two components mix [21, 30] . Figure 10d presents a comparison of the mixing efficiency assisted by LCEK (circles) and mixing efficiency of pure diffusion at zero electric field (squares). As clearly seen in Fig.   10d , mixing assisted by LCEK progresses much faster than mixing driven by diffusion only. As compared to other micro-mixers [31, 32] , the LC mixers do not require any mechanical parts, pressure gradients, nor complicated system of electrodes and ridges obstructing the flow. 
Discussion and Conclusion
An intriguing question about the experimental setup is how far the director distortions produced by photoalignment at the bounding substrates can propagate into the bulk of the LC. replicated into the LC bulk over macroscopic distances. This is certainly true for the cells used in our experiments, of thickness 50 μm . In these (and thinner) cells, the disclination lines are joining the top and bottom plates along the vertical z-axis, regardless of whether the electric field is applied or not. The situation might change when the thickness of the cell h becomes substantially larger that the characteristic spatial scales l and d of the in-plane director distortions. In this case, the LC might relax through bulk director configurations that are different from the surface patterns. Consider a disclination pair as an example. The elastic energy of a disclination is proportional to its length and to the elastic modulus K of the LC. If h is smaller than the in-plane separation d between the two disclinations, the defects are vertical with the total energy 2 Kh . If hd  , however, the disclinations would tend to reduce their total energy to 2 Kd by reconnecting the points at the same substrate [33] . Therefore, the surface-induced pattern of director distortions is expected to persist in the bulk as long as h l,d  . Furthermore, because of the finite anchoring strength produced by photoalignment, the in-plane director deviates from the imposed surface alignment when the in-plane director gradients become larger than some critical value (equal about 1 02μm .  in our experiments).
To summarize, we demonstrate that the spatially varying director field of an LC electrolyte achieved through photo-imprinted surface alignment allows one to create electrokinetic flows of practically any complexity and vorticity. The flows are persistent, as their velocities are proportional to the square of the applied field, so that the driving field can be of an AC type. The transport of LC and particles dispersed in it is easily controlled by the predesigned director gradients; no mechanical parts and no external pressure gradients are needed. The flow polarity can be changed either by changing the director patterns or the electric field direction.
Since the charges are separated in the bulk of electrolytic LC medium rather than at the solidliquid interfaces, the proposed approach eliminates the need for polarizable/charged interfaces.
For example, we demonstrate that LCEK created by surface patterns can carry inclusions such as solid colloids, droplets of water and air bubbles even if these inclusions have no electrophoretic activity (zero charge or zero polarizability) on their own. The cross-sections of the patterned LC microfluidic chambers are not obstructed by any barriers (such as ridges, electrode posts or colloidal particles, needed in other electrokinetic devices), thus combining efficiency of flows with simplicity of design. The approach might find applications in lab-on-the-chip and microfluidic devices of a new type. From the fundamental point of view, the described patterned LC electrolyte represents a new type of active matter in which the energy input that drives the system out of equilibrium occurs locally through orientation distortions of the medium rather than at the particles dispersed in it. This is an essential difference as compared to active materials with artificial or biological swimmers embedded in an otherwise inert surrounding medium such as water [34] . The patterned LC electrolytes add a new dimension to active systems, as now both the medium and the dispersed particles can be used for energy input and departure from equilibrium.
